We report on measurements of the superconducting properties of FeSe 0.5 Te 0.5 thin films grown on lanthanum aluminate. The films have high transition temperatures (above 19 K) and sharp resistive transitions in fields up to 15 T. The temperature dependence of the upper critical field and the irreversibility lines are steep and anisotropic, as recently reported for single crystals. The critical current densities, assessed by magnetization measurements in a vector VSM, were found to be well above 10 9 A m −2 at low temperatures. In all samples, the critical current as a function of field orientation has a maximum, when the field is oriented parallel to the film surface. The maximum indicates the presence of correlated pinning centers. A minimum occurs in three films, when the field is applied perpendicular to the film plane. In the forth film, instead, a local maximum caused by c-axis correlated pinning centers was found at this orientation. The irradiation of two films with fast neutrons did not change the properties drastically, where a maximum enhancement of the critical current by a factor of two was found.
I. INTRODUCTION
of the critical current in four FeSe 0.5 Te 0.5 films, including its anisotropy, and compare the results to literature data on films of other compounds [6] [7] [8] [9] [10] [11] [12] [13] (mostly of the 122 family). Resistive measurements of the upper critical field and the irreversibility field, which complement existing data obtained on single crystals [14] [15] [16] , will be presented. The influence of neutron irradiation will be discussed in the context of similar neutron irradiation experiments on other compounds (Sm-1111 17,18 , La-1111 19 , Ba-122 20 ).
II. EXPERIMENTAL
The films were deposited on single crystal lanthanum aluminate (LAO) (001 ) substrates in a ultra high vacuum PLD system using a FeSe 0.5 Te 0.5 bulk target compound prepared by direct synthesis from high purity materials. The films were deposited at a residual gas pressure of 5 × 10 −9 mbar at a deposition temperature of 490°C. The quality of the growth was in-situ monitored by Reflection High Energy Electron Diffraction (RHEED) analysis.
The laser beam (KrF, 248 nm) was focused onto a 2 mm 2 spot on the target with a fluency of 2 J cm −2 . The repetition rate and the target-substrate distance were kept fixed at 3 Hz and 5 cm, respectively. More details of the growth conditions are given in Refs. 21 Four samples were selected on the basis of a similar transition temperature, T c . The screening resistivity measurements were carried out at CNR-SPIN by a four-probe technique, using ultrasonicly bonded electrical contacts and T c was defined as the temperature, where the normal state resistivity dropped to 90%. Soon after the measurement, the samples were sealed in vacuum and shipped to Vienna for further measurements and processing.
Resistive in-field measurements were made in Vienna up to a maximum field of 15 T.
Current and voltage contacts were made with silver-epoxy. With this technique, the contact resistance was rather high (typically several 100 Ω) and the contacts tended to detach during thermal cycles. Nevertheless, it was not possible to completely remove them after the measurement, which would be necessary in view of the irradiation process. The organic compounds of the resin would most likely decompose during the irradiation and the emerging gases harm the films; thus, it was decided to irradiate only two samples (A and B, denoted as A irrad and B irrad after the irradiation) and to measure the other (pristine) samples (C and D)
for comparison. Making contacts on irradiated samples turned out to be even more difficult, partly due to the required care in handling radioactive materials, and the following resistive measurements were rather noisy. We could not obtain reliable (resistive) data on sample A irrad in perpendicular orientation. The upper critical field, B c2 , and the irreversibility field, B irr , were defined by 90% and 10% resistive criteria, respectively. Since the resistivity was not constant above T c , its temperature dependence was linearly extrapolated to lower temperatures, as a proper reference for the normal state resistivity.
Magnetization measurements were performed in a commercial vector vibrating sample magnetometer (VSM) with a maximum field of 5 T. The field sweep rate was chosen as 0.5 T/min, resulting in an electric field of about 0.07 µV cm −1 at the sample edges, when the film plane is oriented perpendicular to the field. The sample was not only measured in the usual perpendicular configuration, but also rotated and measured in nine steps of 10°until the field was parallel to the surface. The angular dependent critical currents were calculated from both components (parallel and perpendicular to the applied field) of the irreversible magnetic moment using the Bean model. Since the magnetic moment of a thin superconducting layer always points into the direction perpendicular to the film plane, the sample can be oriented with high precision, the error being below 1°. Only in sample C it could amount to 35% in the limit of diverging variable Lorentz force currents 24 . In reality, the effect is certainly smaller, but leads to an overestimation of the maximum Lorentz force currents, the error increasing systematically with the angle θ between the film normal and the applied magnetic field. Even for an isotropic superconducting that sample-to-sample variations are larger than the effect of the neutron induced defects. The critical currents in a stressed 6 and sulfur doped 7 FeTe film as well as in a Co-doped Ba-122 film 8 were reported to be significantly lower (< 10 9 A m −2 ) under comparable conditions.
However, significantly higher values (> 10 10 A m −2 ) in Ba-122 films were reported, too 9-13 .
All our samples have the same field dependence, but J c in the best sample (D) is about 85%
higher than in the worst sample (A). The same field dependence in all samples is also found at 10 K and 15 K (e.g. Fig. 4 ). The temperature dependence of J c is not the same in all samples, which excludes a scenario, in which the differences between the samples are only given by material inhomogeneities or defects influencing the geometry of current flow. The differences must be (at least partly) caused by differences in the pinning landscape.
The influence of neutron irradiation on the critical currents at 4.5 K, 10 K, and 15 K is demonstrated in Fig. 4 . It is rather small at 4.5 K and becomes larger at higher temperatures (increase by a factor of about 2 at 15 K). Although the positive effect of the irradiation is unambiguous, since the same sample was measured before and after irradiation, the changes the relative enhancement as well as the achieved current densities were significantly larger.
It is interesting to note that J c in the 11 films exhibits a weak dependence on the field before the irradiation, whereas J c is largely suppressed by an applied field of 1 T in unirradiated Sm-1111. The irradiation introduced defects, which effectively pin vortices in Sm-1111 and Ba-122, thus weakening the field dependence of J c . On the contrary, pinning is strong in the pristine 11 thin films and therefore not significantly enhanced by the irradiation. Indeed, at the highest temperature (15 K), where J c in the pristine sample is strongly suppressed by magnetic fields due to thermal depinning, a significant increase of J c is obtained upon irradiation.
The critical currents decreased by a factor of about 5 in sample B after the irradiation process. It seems extremely unlikely that the neutron collisions with the lattice atoms caused this suppression, due to the totally different behavior of sample A irrad . A reaction of the superconducting layer with air or moisture, which possibly contaminated the helium atmosphere in the quartz capsule (samples A and B were sealed into different capsules), is a plausible explanation for this degradation.
The critical current densities in sample C at 10 K are plotted in Fig. 5 . Data corresponding to different angles between the film normal and the magnetic field are shown. The critical currents remain roughly constant at low angles (not shown) and increase monotonously at higher angles. The opposite behavior is observed at very low magnetic fields, which is a consequence of the decreasing electric field (see Sec. II).
The sensitivity of the critical currents on the orientation of the magnetic field can be better seen by plotting the angular dependence of the critical current density at fixed magnetic field. No significant change is observed between 1 T and 4 T at 4.5 K, while it slightly (about 15%) increases at 10 K. Since it is extremely unlikely that B irr increases by more than a factor of four (between 10 K and 4.5 K) and γ J (4.5 K,4 T) is smaller than γ J (10 K,1 T), it is safe to assume that an increase in γ J would be observed also at fixed reduced magnetic field. One possible reason for the temperature dependence of γ J is a changing effective mass anisotropy γ, which was reported to drop from four to well below two between T c and 0.95T c 14 in single crystals and then slowly converges to one at low temperatures 15 . However, the increase of γ J by a factor of two between 4.5 K and 15 K is considerably more than expected from the single crystal data of γ and correlated pinning centers (parallel to the film) seem to be a more likely explanation. Since they obviously pin very efficiently, they might compete better with the thermal energy at high temperatures than the uncorrelated pinning centers. This scenario is supported by the shape of J c (θ). The ab-peak is much sharper than expected from mass anisotropy, in particular for moderate mass anisotropies.
J c is even virtually independent of the field orientation up to 60°in sample A at 15 K and 1 T (solid squares in the lower panel of Fig. 6 ). Correlated pinning parallel to the ab-planes was also found in Ba-122 films 8, 12 by an anisotropic scaling analysis 28 .
The observed sample-to-sample variations in our films are not pronounced, except for sample B, which behaves qualitatively differently. A broad and hard-to-resolve c-axis peak is observed in the angular dependence of J c at 4.5 K in this sample and becomes quite pronounced at 15 K. We cannot exclude that the peak is an artifact of the measurement at 4.5 K (see Sec. II), but the decrease in J c between 0°and 40°is much faster than expected from the variation of the electric field, even in the limiting case of ohmic behavior. The peak is a clear indication for c-axis correlated pinning. Also Ba-122 films with 9,10 and without 8, 12 a maximum of J c in perpendicular orientation were reported.
A decrease in γ J is observed in both samples at 4. if derived by a 10% resistive criterion (cf. Fig. 2 ), which seems to exclude this effect at 1 T.
However, the temperature, at which the resistivity at 1 T becomes zero within experimental accuracy, is about 16 K in this sample (after irradiation); thus the small reduction in T c could contribute significantly to the unconventional increase of γ J at 15 K.
IV. CONCLUSIONS
Critical current densities well above 10 9 A m −2 were found at 4.5 K up to 5 T. The anisotropy of J c is small at low temperatures and the currents are highest, if the field is applied parallel to the film surface. The anisotropy increases at higher temperatures and a pronounced c-axis peak appears in one sample, which indicates correlated pinning centers parallel to the film normal. Correlated pinning parallel to the film plane (parallel to the crystallographic ab-planes) was found in all samples and could be intrinsic in nature. The presence or absence of the c-axis peak on the other hand, is a consequence of different pinning centres and indicates their sensitivity on the preparation conditions. Thermally activated depinning seems rather unimportant in these films, but likely causes the positive curvature of the irreversibility line in the perpendicular field orientation. The effect of disorder, which was introduced by neutron irradiation, on the upper critical field, the irreversibility field and the critical currents is small and comparable to typical sample-to-sample variations.
